W e used the Ilizarov circular external fixator to treat 16 patients with persistent nonunion of the diaphysis of the humerus despite surgical treatment. All patients had pain and severe functional impairment of the affected arm. In ten, nonunion followed intramedullary nailing. We successfully treated these by a closed technique. The nail was left in place and the fracture compressed over it. The fractures of the other six patients had previously been fixed by various methods. We explored these nonunions, removed the fixation devices and excised fibrous tissue and dead bone before stabilising with the Ilizarov fixator. In five patients union was achieved. Bone grafting was not required. In the single patient in whom treatment failed, there had been a severely comminuted open fracture. All except one patient had reduction of pain, and all reported an improvement in function.
Obesity, alcoholism and the method of treatment may also be contributory factors. 3 Nonunion after conservative management can be successfully treated by various surgical methods. These include open reduction and internal fixation with plates and screws, 4, 5 reamed intramedullary nailing 6 and external fixation. 7 Supplementing fixation with bone graft reliably achieves union. 3, 8 Failure to unite after surgical treatment may be due to poor contact between the bone ends, inadequate stabilisation, 9 devitalisation of bone, osteopenia and bone defects. 10 When there are the additional complications of poor soft tissue 11 or infection, treatment by conventional methods of internal fixation becomes very difficult. We describe our experience using the Ilizarov circular external fixator or 'frame' to treat nonunion of the humerus which persisted after surgical stabilisation.
Patients and Methods
We describe the results in 16 consecutive patients treated since 1993 and followed up for a mean of 31 months (10 to 58) after completion of treatment. Table I gives details of the patients. There were ten men and six women with a mean age of 36 years (21 to 73). Despite surgical stabilisation, all had nonunion of the diaphysis of the humerus. This was hypertrophic in nine patients and atrophic in seven. High-energy injuries had caused 12 of the fractures, which were closed in 14 patients and open in two. Nine were located in the middle third of the diaphysis, six in the distal third and one in the proximal third. The 16 patients had undergone a mean of 2.6 previous operations (1 to 6). These included internal fixation with plates and screws, intramedullary nailing, external fixation, or combinations of these methods, sometimes supplemented with bone grafting. On presentation one patient had overt infection, and three had suffered episodes of infection during their previous treatment. One patient was treated 24 years after his original injury (case 1). Excluding this case, the average time from the initial injury to treatment with the Ilizarov method was 2.5 years. Three patients (cases 1, 3 and 13) had a palsy of the radial nerve at presentation.
We reviewed the case notes and radiographs of the patients, all of whom completed a questionnaire which included pain, function and satisfaction with treatment. Pain was assessed using a visual analogue scale (VAS) on a scale of 0 to 10. To assess function we used a 15-item scoring system (Table II) adapted in part from the shoulder questionnaire of the American Shoulder and Elbow Surgeons and that on the upper limb from the American Academy of Orthopaedic Surgeons. 12 Surgery was carried out under general anaesthesia and prophylactic antibiotics were given. We used a combination of threaded half pins and olive wires to fix the humerus, taking care to insert them in 'safe corridors'. 13 In order to allow movement of the shoulder and elbow, we constructed an Ilizarov frame with circular rings around the diaphysis and semicircular rings around the proximal and distal ends of the humerus (Fig. 1) . 14, 15 We divided the patients into two groups, depending on whether or not we explored the nonunion surgically. Group A, the closed treatment group, comprised ten patients referred after failure of intramedullary nailing (cases 1 to 10). In eight there was a gap at the site of the fracture. We left the nail in situ to control alignment, drilling the wires or threaded pins of the Ilizarov frame through the cortex alongside the nail (Fig. 2 ). When the nail had been statically locked, we removed the locking screws on one side before applying the circular fixator to allow compression of the fracture over the nail.
We explored the nonunion in the six patients in group B, the open treatment group. The humerus had been fixed with a unilateral external fixator in three patients, with a plate in two and with a combination of an intramedullary nail and plate in the sixth (cases 11 to 16). We removed the fixation devices, excising intervening fibrous tissue and dead bone to expose fresh bleeding bone ends, which were approximated and compressed with the fixator. After closure of the gap, three patients had shortening of the arm of 4, 7 and 8 cm (Fig. 3) . In both groups, we applied compression at the site of the fracture by progressively advancing the rings of the frame towards each other along threaded rods. Irrespective of whether the nonunion was hypertrophic or atrophic, compression was commenced when the frame was applied and continued in increments of 2 to 3 mm at monthly intervals.
In three patients in group B there were no radiological signs of healing for some weeks. We applied 'callus massage' 16 at the sites of the fracture, alternating short periods of progressive distraction with periods of compression (0.5 mm of distraction a day for seven days, followed by 1 mm of compression a day for seven days, over a fourweek period). The result was net compression with slight shortening. Our primary objective was bony union and we considered minor shortening to be acceptable. We accepted the presence of bony bridging of the fracture on anteroposterior (AP), lateral and two oblique radiological views as evidence of union. At this stage the Ilizarov frame was removed, usually under general anaesthesia. We prescribed no external supports after its removal.
A Microsoft Excel spreadsheet package (Microsoft Corporation, Redmond, Washington) was used for statistical analysis. We used Student's t-test for paired samples to assess scores for pain and function before and after treatment. Photograph of a typical Ilizarov frame construct. Radiographs of a 28-year-old man showing a) a hypertrophic nonunion two years after treatment of a fracture of the humerus with a locked intramedullary nail and subsequent bone grafting, b) application of an Ilizarov circular external fixator leaving the intramedullary nail in situ (the site of nonunion was not explored) and c) the appearance of the humerus after removal of the frame with solid bony bridging across the fracture; union was achieved four months after initial application of the frame.
Results
Union was achieved in all ten patients in group A. The mean time to union was four months (3 to 6) after application of the frame and the mean time to removal of the frame was six months (5 to 8). In group B, union was achieved in five out of six patients. The mean times to union and removal of the frame were six (3 to 15) and eight months (6 to 17), respectively. The sixth patient in group B (case 16), the only one in whom treatment failed, had originally sustained a complicated open fracture. In the frame it was difficult to assess progress towards healing on plain radiographs, and the frame was eventually removed after 18 months. Shortly thereafter the patient suffered a refracture. Table III gives pain and function scores. All but one patient (case 14) reported less pain after treatment. The mean preoperative pain score was 6.9. After completion of treatment, the mean pain score dropped to 2.5 (p < 0.001) and five patients were free from pain. Before treatment, function scores varied widely (Table III) . All patients reported improvement in function after treatment. The mean function score, 10.5 out of 45 before treatment, increased to 31.3 at final follow-up (p < 0.001). Of the 16 patients, 15 said they were very satisfied with the method of treatment and the outcome. Complications. The application of the Ilizarov frame resulted in nerve injuries in three patients. The median nerve and the lateral antebrachial cutaneous nerve were involved in two but there was full recovery within a week of operation. The third (case 8) suffered an intraoperative palsy of the radial nerve. During the operation the surgeon noticed twitching in the extensors of the wrist and he therefore removed the wire and reinserted it in a different location. The patient had a wrist drop immediately after the operation, but had regained MRC grade-5 strength in the extensors three months later.
Pin-track infection occurred in 12 patients. With local skin care and treatment with oral antibiotics, this resolved in all except one patient whose wounds required incision and drainage. No patient developed chronic deep infection. Puckering of the skin around the pins caused discomfort in two patients. We relieved this by incising the skin around the site of the pin under local anaesthesia. Three patients complained of discomfort and skin excoriation where parts of the frame impinged on their chests. In one group-A patient (case 8), protrusion of the proximal end of the nail during treatment caused subacromial impingement and the nail was subsequently removed.
In three patients there was shortening of 4, 7 and 8 cm in three patients (cases 12, 13 and 15). Our intention was to lengthen the humerus at a later stage, but the patients declined further surgery. After healing the shortening did not appear to compromise function.
Discussion
Satisfactory results with the Ilizarov method of treating nonunion of fractures of the humerus have been previously reported. 15, [17] [18] [19] The purpose of our study was specifically to assess its effectiveness in treating nonunion which per- sisted despite surgical stabilisation, since such cases are notoriously difficult to treat. [10] [11] [12] Further surgery can put vital structures such as the radial nerve at risk. Internal fixation can be difficult because of disuse osteopenia or other bone defects. The quality of the soft tissues may be poor and the presence of infection precludes the use of internal fixation. It is possible to achieve stable fixation with the Ilizarov frame, even in the presence of osteopenia or bone defects. Unless there is infection, surgical exposure of the site of nonunion is often unnecessary except to remove implants. As the wires can be placed away from the site of the fracture, the frame can be applied after excision of an infected nonunion. Union can be achieved without bone grafting; 17 bone graft was not used in any of our 16 patients, and 15 progressed to union. A further advantage of the method is that it allows both compression and distraction, which may stimulate healing. 14, 20 The incidence of nonunion of fractures of the humerus after intramedullary nailing is reported to be as high as 29%. 21, 22 Exchange nailing after reaming, although successful in treating nonunion of the tibia after intramedullary nailing, 23, 24 has not proved successful in the humerus. 10, 22, 25 five. In the ten patients who had an intramedullary nail in situ, six fractures had previously failed to unite, despite exchange nailing. We applied compression over the intramedullary nail which maintained alignment of the fracture, while the fixator eliminated shear forces. Einhorn 26 suggests that weight-bearing or cyclical axial loading promotes healing in the tibia. The absence of axial loading may be one reason why exchange nailing fails in the humerus. 17 Another reason may be that it is difficult to obtain adequate fixation because of bony erosion and osteopenia. Further, the humerus is subjected to more distractive and torsional forces 10 than the tibia or femur in which most of the forces are compressive. Open reduction and internal fixation with plating, supplemented with cancellous bone graft, yields better results than exchange nailing. 10 The procedure, however, is technically demanding, and the dissection which is required places the radial nerve at risk. McKnee et al 10 encountered
two instances of palsy of the radial nerve in nine patients. Of the three patients who presented to us with palsy of the radial nerve two had developed iatrogenic damage to the nerve as a consequence of previous delayed open surgery. There were some complications. We had three cases of nerve injury, none of which resulted in a permanent deficit. Pin-site infections were common, but there was no chronic deep infection. Some patients complained that impingement of the frame on the chest caused discomfort and made it difficult to sleep. As some of these problems are unavoidable, it is essential that patients be counselled and monitored closely. As at other centres, 27 in our hospital a multidisciplinary team (two surgeons with supporting junior medical personnel, two dedicated liaison nurses and a physiotherapist) looks after patients treated by this method. Treatment using the Ilizarov frame achieved union in 15 of 16 patients. Pain was relieved and function improved. Although the Ilizarov method carries some inconvenience for patients and is costly and labour-intensive, it is an effective way of treating complicated nonunion in which previous surgical treatment has failed.
